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VEHICLE SIMULATIONS OF FUEL ECONOMY FOR AN AUTOMATIC





An automatic transmission (AT) of a vehicle was compared with a ratio limited
Continuously Variable Transmission (CVT) . Dynamic model of a passenger car was simulated to
compare the overall efficiency of the vehicle equipped with these different types of transmissions.
The overall efficiencies were calculated in terms of fuel consumption of the vehicle. The results are
based on the Environmental Protection Agency's (EPA) city and highway driving cycles.
A Modular approach is taken to model an existing vehicle. The complete model is
subdivided into an engine model, road load model, throttle and brake pedal models, and a
transmission model. The model is simulated in MATLAB/Simulink software. The automatic
transmission model was then replaced by a CVT model and simulated under similar conditions to
compare the overall gain in the fuel economy.
The simulation results for the automatic transmission closely match with the data
obtained from the EPA. The results for the ratio limited CVT indicate improvement in the fuel
economy of the vehicle under both the urban and highway driving cycles.
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a Entrance Blade Angle [rad]
a'
Exit Blade Angle [rad]
P Wrap Angle of Brake Band [rad]
r] Angle between the Straight Line and the Pulley Center Connection [rad]
y Angle of Lap on a Pulley [rad]
X PulleyWedge Angle [rad]
u. Fluid Viscosity [N-s/m2]
u) Angular Velocity [rad/s]
9 Cam Angle [rad]
A Cross-Sectional Area [m2]
a Number of Vanes [ ]
B Damping Constant [N-m-s2]
b Forcing Function Constant [rad/Km]
C Shock Flow Coefficient [ ]
Cd Drag Coefficient []
c Time Constant [1/s]
D Mean Effective Diameter [m]
e Eccentricity [m]
F Force [N]
FC Fuel Consumption [1/h]
Fr, Fs, Ft Frictional Forces in Radial, Along the Axis of the Belt, and Tangential
Direction, respectively
Fx Contraction Force between Two Pulley Shafts
/ Coefficient of Friction
fr Coefficient of Rolling Resistance
G Centrifugal Force on the Segments
GVW Gross Vehicle Weight
g Gravitational Constant
/, J Mass Moment of Inertia
K Spring Rate
Kg Speed Factor
L Length of the Belt
N Normal Force
Nd Differential Gear Ratio
Nt Transmission Gear Ratio
n Number of Plates
P Pressure
Po Power
PI, P2 Force due to Segments on Primary and Secondary Pulley, respectively.
p Density of Fluid
Q Volumetric Flow Rate
q Empirical Constant
























Rt Mean Effective Tire Radius [m]
7?7, 7?2 Active Belt Radius, Primary and Secondary Pulley, respectively [ ]
S Fluid Flow Area [m2]
SF Force Acting on Segments by the Belt [N]
T Torque [N-m]
Tern Temperature [C]
Th Throttle Angle [rad]
Tl, T2 Belt Tension [N]
V Speed [km/h]
w Width [m]
X Pulley Center Distance [m]
z Width of Vanes [m]
Subscript Description
b Brake Band
bbde Brake Band De-energized Mode
bbse Brake Band Self-energized Mode
d Feedback Pressure
e Engine
e,h Higher Engine Speed
e,l Lower Engine Speed
eff Efficiency
h Hydraulic
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Increasing demand from environmentalists to reduce pollution and to extend the
lifetime of scarce natural resources has forced automobile manufacturers to explore
alternative ways to propel their vehicles. These manufacturers have been researching and
developing many possible options for the power train, such as hybrid, electric, fuel cell,
and improved internal combustion engines. Many of these technologies are still in the
developmental phase, and their availability in production cars have been limited to a
small market segment.
Until these technologies are available, improvements of other components in the
vehicle are also being investigated. Close behind the internal combustion engine, the
second major source of fuel consumption comes from vehicles equipped with automatic
transmissions. These vehicles account for about 90% of total cars sold in the U. S.
(Visnic, 1998). The conventional automatic transmissions have power loss rate of 28.3%
(Kanada, Iijima, Yasue, and Takahashi, 1999). Increasing transmission efficiency or
replacing it with an alternative transmission could greatly improve the fuel economy of a
vehicle. In theory, a Continuously Variable Transmission (CVT) has better efficiency and
performance when compared to the automatic transmission. This type of transmission has
continuous ratios that allow an engine to operate in the most efficient range. In addition,
CVT is shiftless, which eliminates jerk associated with traditional transmissions. In the
past, CVTs were ruled out because of limited torque capacity and reliability. New
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developments in manufacturing and gear reduction have overcome these drawbacks
(Yamaguchi, 2000). Different types of CVTs are now available from some manufacturers,
either combined with hybrid powertrain or for some heavy duty engines for luxury cars.
The CVT offered by Toyota, Honda, and Subaru uses a push-pull belt to transfer
torque from one pulley to the other as shown in Figure 1.1. Saturn's CVT uses a chain
made of steel plates instead of a belt. Audi's CVT has a similar concept which uses a steel
chain with rows of link plates as shown in Figure 1.2.
Figure 1.1 Push-Pull Belt CVT (Micklem, Longmore, and Burrows, 1994)
Figure 1 .2 AudiMultitronic CVT (Birch, 2000)







Figure 1.3 Nissan EXTROID CVT (Yamaguchi, 2000)
Nissan uses a toroidal type CVT (Yamaguchi, 2000). The EXTROID CVT
receives the drive power from the engine with the input disc, and power is relayed by
transmitting the rotation of the input disc by the power rollers to the output disc. By
changing the tilt of the power rollers continuously, the EXTROID CVT executes
continuous gear ratio changes as seen in the above figure.
The current production cars with CVT show fuel economy improvements from
7% to 12% when compared to the conventional automatic transmission (Kluger, 2000).
Higher improvement can also be achieved by reducing the pressure required to keep the
sliding and rotating surfaces of the CVT together as reported byMitsubishi Motors
Corporation (Mitsubishi Motors Corporation, 2000).
In this thesis, a push-pull belt type CVT is modeled. To obtain maximum possible
efficiency, the CVT is broken into a step type discrete transmission that has a higher
number of ratios compared to an automatic transmission. This model uses preset ratios,
which are derived to keep the engine operating at the lowest fuel consumption range. In
addition, an electric motor and mechanical cams, forks, and sleeves are used to move the
pulley halves to change the gear. With this arrangement, the power required by the
hydraulic pump which is significant, is eliminated.
To verify this performance and improvement in fuel economy, a dynamic model
of a passenger car is simulated in MATLAB/Simulink, first with an automatic
transmission model and then followed by a ratio limited CVT model.
The vehicle model uses a modular design concept to separate key components.
Yanakiev and Kanellakopoulos (1995) modeled an engine and transmission using a
similar concept in Simulink. Munns (1996) described the advantages of this approach and
developed models for automatic transmissions and turbochargers using Simulink.
Chapter 2 describes governing equations and the corresponding Simulation blocks
that were used as a basis for all calculations. Additional derivations are available in the
Appendix. Chapter 3 provides a brief overview of the CVT and its modeling approach.
The results from the EPA driving cycles are shown and discussed in Chapter 4. Summary
and suggestions for future work are then presented in Chapter 5.
Chapter 2
Dynamic Model of a Passenger Car
A block diagram of a vehicle and its power train is shown in Figure 2.0. The
diagram is subdivided into engine model, transmission model, and the vehicle model.
Each block can also be broken into subparts to study individual effects on the overall
system. The individual block could also be replaced to study fuel economy, which is done



















Figure 2.0 Power Flow ofa Vehicle and its Drive Train
In Figure 2.0 above, AF and SA are air fuel ratio and spark advance, respectively. d)e and
O)to represents rotational speeds of the engine and the transmission output, respectively.
Toad is the combined road load on vehicle due to aerodynamic drag, rolling resistance,
road grade, etc. Load due to accessories such as alternator, power steering pump, oil and
water pump, and air conditioner compressor are combined to represent total load as Tacc-
Te is the engine torque. FC and V are fuel consumption and vehicle speed, respectively.
2.1 Engine Model
A detailed model of an engine has already been developed byMuns (1996). To
reduce the complexity ofmodeling and increase simulation time, steady state data of an
engine from dynamometer test was used in this study. The data was referenced from
Yamaguchi, Narita, Takahaski, and Katou (1993). It is assumed from here on that this
engine and the corresponding automatic transmission (Nissan RE4R01A) belongs to
1989-90 Nissan 240SX vehicle model. The data consists of throttle angle, engine speed
and torque, and fuel consumption. Based on this data, engine torque and fuel
consumption are strong functions of throttle angle and engine speed.
T=f(Th,coe) Eq.2.\.\
FC=f{Th,ooe) Eq.2.1.2
A two dimensional table can be used to represent a dependent variable as a
function of two independent variables. Tables in Figure 2.1 show torque and fuel
consumption plotted versus engine speed, and the lines represent various throttle angle
openings. Figure 2.1 also shows inputs and outputs from two dimensional data in
Simulink's 2-D look up table environment. Intermediate values for engine torque and fuel














Figure 2.1 Simulink Block ofEngine Data
2.2 Road Load Model
Three types of road loads were taken into consideration for the simulation.
Between them, they represent most of the normal driving loads (Gillespie, 1992). These
loads comprise of rolling resistance on the tires, road grade, and the aerodynamic drag,
which are assumed to be constant; they are independent of time, temperature, and ambient
pressure. Torque due to rolling resistance on the tires is given by (Gillespie, 1992)
T
Rolling ReSiStance
= fr*GVW *Rt Eq. 2.2.1
the torque acting by the road grade is
T
Road Grade
=GVW* sin {RoadAngle)*Rt Eq. 2.2.2
and the torque due to the aerodynamic drag can be calculated by
_(p*Cd*A*V2Y Fnoo^1
AerodynamicDrag \ r, )
+ l\l cq. Z..Z..3




The total road load is then transferred on to the driving member of the
transmission, turbine. Details on transferring these road loads on to the turbine is given in
Appendix 1 along with the values used in the simulation. Figure 2.2 shows Simulink
blocks of the road loads. In the figure, Simulink's Constant, Function, and 1-D look up
table blocks are used to calculate the loads (Mathworks, 2002). The Constant block can
consist of numerical values or masked variables. As seen in the figure, road angle and
torque due to rolling resistance are simulated using this type of block. The Function block
takes the input signal, a vector, and performs the user defined calculation to generate the
output signal. Torque due to road angle, aerodynamic drag and the gear reduction are
simulated using the function block. The 1-D look up table treats the input signal as the
row index and outputs the value listed in that row. Transmission's current gear ratio is






Torque due to Rolling Resistance
(Example of a Constant Block)
? GVWsinC(pi/180)"u[1])"Rt
Torque due to Road Angle




















Figure 2.2 Simulink Block ofRoadLoads
2.3 Throttle and Brake Pedal Model
In general, throttle and brake models try to depict human reaction to a given
condition. Fortunately, the EPA driving cycles already provide the condition for a driver
in terms of vehicle speed at a given time. The signal, which is the vehicle speed, is
already available to use as a reference signal in a control system environment. A first
order linear differential equation describing rate of change of throttle or brake pedal angle
as a function of speed error and time, is sufficient to drive a vehicle at a desired speed.
Th=-cTh+bAV Eq.2.3.1
Standard cruise control uses similar concepts to govern the set speed (Xu and
8
Ioannou, 1994). Simulink blocks shown in Figure 2.3, which is representation of Eq.
2.3.1, integrates the error value and adjusts the throttle angle response based on the
chosen value for parameters b and c. Similar approach is also taken for the brake model,















Figure 2.3 Simulink Block of the Throttle Control
Throttle Angle
2.4 Modeling of an Automatic Transmission
A schematic diagram ofNissan RE4R01A automatic transmission is shown in
Figure 2.4 accompanied by clutch schedule presented in Table 1. This transmission has






























Figure 2.4 Schematic Diagram of the Nissan RE4R01A Automatic
Transmission
























Table 1 lists the current members responsible for holding the reaction members of
the planetary gear sets to obtain four forward speed ratios. In an automatic transmission,
major power losses come from torque converter, oil pump, and the friction devices
(Kanada et al., 1999), which are modeled next.
2.4.1 Torque Converter
First order coupled non-linear differential equations for the torque converter were
derived by Hrovat and Tobler (1985) and repeated here for convenience. Eq. 2.4.1-4
represent the equations ofmotion for rotational speed of impeller (of), turbine (tot), and


























Runde (1986) and Yanakiev and Kanellakopoulos (1995) used steady state
equations for the torque converter in their modeling of an automatic transmission.
However, the mathematical model provided by Hrovat and Tobler (1985) offers both the
transient and the steady state response upon applying proper initial conditions based on
torque converter manufacturer's data.
Certain assumptions were made to reduce the complexity of the above equations.
The blade geometry is such that the Euler gyrator is negligible, S, = S, = Ssl = 0 (Hrovat
11
and Tobler, 1985). The stator is held constant on a one way clutch up to 90% speed
difference between the impeller and the turbine as mentioned by Abbott (1988). It is
further assumed that the impeller speed is constant for a short integration time. Based on
these assumptions, Eq. 2.4.3 for stator speed is ignored and Eq. 2.4.1 reduces to
0=-p!2(co,.7?2+7?,.(-|)tan(a,.)-7?s,(^)tan(J)+ r,. Eq.2A.5
Eq. 2.4.5 can now be solved for the flow rate, which will provide initial condition for the
flow rate Eq. 2.4.4. By combining like terms
Q/A=~
'
-. : t^t Eq.2A.6
2(7?,.tan(,.)-7?tan(J)
H
Efficiency of a torque converter is measured in terms of speed and torque ratios of
the turbine to the impeller (Upton, 1993).
7Ce#=(w,/wI.)*(r,/7,1.)*100 Eq.2A.l
Typically, this efficiency is derived from a dynamometer test with a constant
impeller torque and linearly increasing impeller speed. The output is measured by
reducing the turbine torque and registering the turbine speed. Similarly, using Eq. 2.4.2
and 2.4.4, simulated results can be obtained for the torque converter. Instead of linearly
increasing the impeller speed, small incremental step sizes are taken. Data for the turbine
torque is referenced from the measured results with respect to the constant input torque.
The initial condition for the flow rate is obtained from Eq. 2.4.6. Initially, the turbine
speed is zero. Based on these initial conditions, the above equations are solved using
either fourth order Runge-Kutta method or Gear's method in Simulink (Mathworks,
2000). The Gear's method was employed to solve these stiff system of equations. This
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procedure is repeated, with new initial conditions, for a small integration time. The new
initial condition for the turbine speed is taken from the final value at the end of each
integration time. After many different durations of integration time, the initial conditions
applied at every 0.01 second showed proper response. Figure 2.5 shows the efficiency
plot of the torque converter for the measured and the simulated results. The plot shows




Figure 2.5Measured and Simulated Efficiency ofTorque Converter
This particular transmission also has lock up torque converter capability. With this
arrangement, the torque converter acts as a manual transmission clutch, which locks the
impeller to the turbine and eliminates the speed difference. It is further assumed that
13
when the turbine reaches 90 percent of the impeller speed the lock up occurs. Therefore,
the torque converter equations can be reduced to a simple first order ordinary differential





For engine braking, Hrovat and Tobler (1985) have also derived similar equations,
which are listed in Appendix 3. However, engine braking data for torque converter is not
available. Therefore, a similar model as lock up model can be used during the vehicle
braking mode.
2.4.2 Planetary Gears
The RE4R01 transmission employees two simple planetary gears in series. A
simple planetary gear consists of sun, ring, and carrier assembly. There are at least six
possible combinations of speed ratios that can be achieved from a simple planetary gear
subject to physical limitations. Referring to Figure 2.4 and Table 1, relative speed
difference between any two members of the planetary gear connected by a friction device
causes drag torque (Lloyd, 1974). To obtain this drag torque, calculations for the relative
speed difference between each members of the planetary is necessary. The following
analysis shows a method to compute speed and torque ratio of a simple planetary gear
system. It is assumed the gears are ideal, such that backlash, frictional losses, and
mechanical tolerances can be ignored.
Figure 2.6 below shows simple planetary gear and free body diagrams of
individual components, which is used to study static mechanism of planetary gears.










Figure 2.6 Single Planetary Gear Set and Free Body Diagram of itsMembers











and sum of the forces on the pinion gear
FrlP+Fslp-2Fpc/P
=0



















Note the above equation for the relative speed is the inverse of the torque relation given
by Eq 2.4.14.
The relative speed ratio can also be calculated by the Tabular method (Jensen,
1991). This method uses the principle of superimposition and eliminates the need to draw
free body diagrams. Detailed analysis for this transmission is given in Appendix 4 for
each forward speed. Regardless of the above assumptions, an efficiency factor for the
planetary gear is used that accounts for the power loss through the gears (Jensen, 1991).
2.4.3 Clutch Pack, One-Way Clutch, and Brake Band
Detail models of both the clutch pack and brake band have already been
developed byMansouri, Holgerson, Khonsari, and Aung (2001). However, a simple
model for the clutch pack, one-way clutch, or band brake can be derived from Newton's
3rd
law. The torque capacity of a multiple wet clutch pack is given by Fanella (1993)
Fn(Ro+R,)
6







However, Eq.2.4. 16-18 do not consider viscous drag. As discussed in the previous
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section, the relative speed difference between the planetary members causes drag torque
due to bands and clutches when disengaged. Therefore, detailed analysis is needed to
account for these loads, as mentioned by Lloyd (1974), which affects the fuel economy. A
simplified model for wet clutch was derived by Davis, Sadeghi, and Krousgrill (2000),
which considers both the loads due to viscous drag and the asperity contact torque. Based
on their approach with some assumptions (i.e, that thermal effects and flow factors are






where fluid viscosity,u., is given by
A/= -0.6+exp(exp(22.01816-3.604831 Ln{Tem)))




In Eq. 2.4.19, when a clutch pack is engaged, frictional force is much greater than
the viscous force. In the disengaged mode, the pressure on the clutch is much smaller
which causes the relative speed difference, a)Te]. Besides the relative speed, the viscous
drag is also dependent on the spacing between the clutch plate, h, temperature of the
fluid, T, and the number of plates, n. Some of these parameters require extensive testing
and complex time dependent calculations. For this study, the space between the adjacent
plates is referenced from Llyod (1974). The average temperature of the transmission fluid
is assumed to be constant throughout the simulation. The number of plates for each clutch
pack are given in Appendix 5. The drag torque due to multiple wet clutches for this
transmission is calculated as shown in Figure 2.7. The viscous drag of brake bands and
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one-way clutches are much smaller when compared to the multiple wet clutches. Simple
mathematical models for these were derived by Park, Seo, Lim, and Cho (1996), which
calculates the viscous drag. In this study, these loads are assumed to be negligible.
However, the effect due to these loads can easily be modeled using a similar approach as
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Torque due to clutch drag
Figure 2.7 Simulink Block ofDrag Torque ofWet Clutches
2.4.4 Variable Displacement Vane Pump
A detail model of a variable displacement vane pump has been derived by
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Thompson and Kremer (1997). Karmel (1988) developed approximate models for the
dynamics of a vane pump. The approximate models are defined by
-co
Ivp"e+Bvp0+Kvpe=qo+qlPl+q2e+q3ePl+q4em+q5Pll Eq.2.4.20
and even simpler approximate model was given by
Ivpe+Bvpe+Kvpe= FnRvp+qlPl+q26Pl+ q5Pd Eq.2.4.21
The torque required by the pump is not clear from the above equations. A basic
equation for the flow rate of a vane pump is used (Ernst, 1960). Eq. 2.4.22 shows the
relationship between the flow rate, angular rotation of vanes, and the eccentricity,
without considering any losses in the flow rate.
Q=2ew{nD-az)cupump Eq.2A.22
Power balanced of a pump could be used to derive an expression relating
mechanical and hydraulic powers.
Pom=Poh Eq.2A.23
where Pom can be represented as
Pm
= T
pump ^pump Eq. 2.4.24
and Poh is given by
Pon
=P,Q Eq.2A.25
combining Eq.2.4.22, 2.4.24 and 2.4.25, after substituting the result in Eq.2.4.23, a
simplified model for a vane pump relating pump torque, line pressure and the eccentricity
can be derived as follows.
Tpum=2ew(TTD-az)Pt Eq.2A.26
Hydraulic line pressure in the automatic transmission feeds the torque converter,
cooling line, servos and accumulators, to lubricate all rotating parts, and multiple wet
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clutch packs. Pressure required by multiple wet clutches, servos and accumulators can be
computed from Eq.2.4. 17-19 once the total torque and current gear selection is known.
Pressure required for the toque converter, the cooling line, and for the lubrication is
assumed to be a constant value (Abbott, 1988). Eq.2.4.26 can now be used to calculate
torque required by the vane pump. The torque required could be minimized by changing
the eccentricity of the pump with a feedback pressure line (Thompson and Kremer, 1997).
If further, a constant torque for the vane pump is assumed, eccentricity can now be
computed and act as if a feedback pressure was changing it. As shown in Figure 2.8






Consant Pressure for Torque Converter.






Pressure for the Second Clutch
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Pressure forthe First Band Brake,
(De-Energized Mode)




Figure 2.8 Simulink Block ofOil Pump Torque
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2.4.5 Shift Schedule
In older automatic transmissions, a governor and intake manifold pressures were
used to shift the gear by moving the appropriate valve and spool in the hydraulic circuit.
Modern automatic transmissions now use electronically controlled valves and spools
activated through the use of solenoids. This transmission uses a similar concept to force
the individual valve and spool to achieve gear shifting through the hydraulic circuit. The
shift schedules are pre-determined and the codes are embedded in the engine and the
transmission computers.
There are two shift schedules, which respond differently based on upshifts
(forward driving), and downshifts (engine braking). The schedule plots presented by
Yamaguchi et al. (1993) are used to determine gear selection based on the value of
throttle angle versus vehicle speed. As seen in Figure 2.9, current gear position could
easily be verified by tracing the point of throttle opening and vehicle speed. In this study,
a similar approach is taken to shift from one gear to the next or to verify the current
transmission gear ratio. It is also assumed that the upshift schedule has precedent over the
downshift schedule. Therefore, the downshift schedule is not followed until either the rate
of change of throttle angle is very steep, throttle angle is in idling position, or the brake
model is on.
Figure 2.10 shows modeling of the shift schedule along with the conditionally
executed subsystems as well as the output to the conditionally executed subsystems.
These forward driving and engine braking blocks are executed when a positive value is
obtained from logical operator blocks. When both the subsystems are off, the control is
then passed on to the shift selection block (not shown). This block simply takes the
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current and previous values of gear position along with the rotating speed of the turbine.






Figure 2.9 Shift Schedules forRE4R01A Transmission
The overall time of simulation is much greater than the time required to shift
from one gear to the next. The shift time is usually within 0.5 second as reported by
Megli, Haghgooie, and Colvin (1999). Therefore, shifting details are not considered in








































Figure 2.10 Simulink Block ofUpshifts andDownshifts
2.4.6 Calculation of Fuel Consumption
Fuel consumption by the engine is calculated from the dynamometer data as
discussed in Section 2.1. In addition, the torque output from engine is also reduced by
10% to account for the losses due to accessories (Johns, Blair, Plotkin, Duleep, Chapman,
Long, Brumfield, and Moyad, 1991). The fuel consumption value is averaged at every
0.01 second to be consistent with the torque converter's model. The averaged value is
then added to the previous value until the EPA cycle is completed. Similarly, the distance
traveled by the vehicle is also measured every 0.01 second and added to the previous
value to obtain total distance traveled by the vehicle under the EPA cycles. The fuel
consumption is then calculated as the ratio of the total distance traveled by the total fuel
consumed under the given cycle. In Figure 2. 1 1, the Simulink blocks of fuel consumption
are shown with the memory blocks which hold the previous values.
23
Transmission to Vehicle Speed
Vehicle Speed,
km/h






Figure 2.11 Fuel Consumption Calculation Block
Figure 2.12 below shows Simulink block of the complete system. In the figure,
the blocks with the dark border are the conditionally executed subsystems. Simulink's
From and Goto blocks are also used to transfer signal from one point to the next without
having to connect them by solid lines. In addition, Simulink's Multiport Switch blocks are




















































Modeling of a Ratio Limited Continuously Variable
Transmission (CVT)
3.1 Concept
The CVT ratio is adjusted through an electric motor and mechanical forks and
sleeves is shown in Figure 3.1 below.
Figure 3.1 Schematic Diagram ofModified CVT
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In the above figure, an electric motor rotates the two cams via an attached gear.
Both the cams rotate in the same direction, however, one moves the pulley half closer
while the other moves it further away to obtain low gear ratios. The overdrive function is
opposite that of the low gear ratios. With this arrangement, any gear ratio is attainable
within the geometric limits. However, the constant power required by the motor could
impair fuel economy. Therefore, the motor is only driven to set a range of predefined
ratios. The pressure required to prevent the belt from slipping from the pulley halves
could be determined from either detailed static and dynamic analysis or from experiments
on a dynamometer.
An automated manual transmission uses a similar concept in combination with
retarding engine torque while shifting (Bansbach, 1998). This type of transmission also
employs an electromechanical actuator to separate clutch from the engine flywheel during
shifting. There are numerous papers written on this subject. Details ofmodeling the
clutch system is ignored in this thesis. However, an efficiency factor is used for the
modified CVT to account for any losses that may arise.
3.2 Ratio Limited Continuously Variable Transmission (CVT)
The drawbacks associated with CVT are the losses in the belt and the pressure
required to keep the pulley halves in constant contact with the belt and segments, refer to
Figure 1.1 (Micklem et al., 1994). For this reason, detailed analysis of the complex
mechanism is necessary to determine the pressure
required and the losses which effects
the fuel economy of a vehicle.
A detailed model of the metal V-belt CVT was developed byMickelm et al.
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(1994). The belt geometry can be observed from Figure 3.2. This analysis assumes pitch
line of the segments and an approximate arc created by the segments when in contact with
the pulley halves. In addition, the length of the belt is constant.
Figure 3.2 The Belt Geometry











The relationship between the two radii
can also be obtained by the gear ratio of
the transmission
R2=NtRl Eq.3.2.4
The model developed byMickelm et al. (1994) requires intense calculations in
terms of the fluid characteristics, stresses in the belt, segments, and the pulley halves, and
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the ratio changing mechanism. A novel approach taken by Kataoka, Okubo, Fujii, and
Kanehara (2002) showed a simplified model based on the coulomb friction in
combination with measured results seems to be appropriate for this work. The following
analysis of the metal pushing V-belt was adapted from Kataoka et al. (2002).
Fx <












Figure 3.4 Free Body Diagram ofa Segment
T(i+1)
Figure 3.5 Free Body Diagram of the Belt
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The following relations are obtained from the above Figures. Sum of the forces
acting on the segment in the tangential direction is given by
2Ft{i)+P{i)cos(^-)-P{i+l)cos{^-)-Fs{i)=0 Eq.3.2.5
_
and in the outer direction is
G{i)+{P{i)+P{i+l))sm{^-)+N{i)sm{\)
-SF(0-fr(i)(l+cos(A))=0 Tig. 3.2.6
and in the axial direction
W(0(cos(A)-l)+Fr(i)sin(A)=0 Tig. 3.2.7
Sum of the forces acting on the belt is given by




Input and output torques are given by
Te-(Pl+T2-P2-Tl)Rl = Jtve Eq.3.2.10
and
Tom-(T2-Tl)R2= JOMuoom Eq.3.2.11
where Fr, Fs, and Ft are related to the normal force, N, by the coefficient of friction. In








The above equations can be solved by using the measured value for the coefficient
of friction as mentioned by Kataoka et al. (2002). In addition to the above analysis, the




which results in the following expression
cboutNt+Nt0J0u=cde Eq.3.2.18






In this thesis, the ratios of the CVT are already predetermined and the shifting
details could be ignored to simplify the above equation. In addition, if the belt tension and
the force acting on the segment from other segments are equivalent, assuming the
segments don't deform, then Eq.3.2.19 reduces to a simple manual transmission equation.
In the above equation, Tout represents the road loads. These loads are similarly
transferred on the primary pulley of the CVT as was done for the turbine in Appendix 1.
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3.3 Shift ScheduleModel
Predefined ratios for a transmission can be derived based on the optimal operating
range of the engine (Wong, 2001).
We,l
Kg=2- Eq.3.3.1
where Kg is the speed factor defined by the lowest engine speed (coe.i) and the highest
engine speed (a)e,h) for each gear ratio. This factor is derived on the basis of geometric
progression rule (Wong, 2001).
The factor Kg can now be used to determine other gear ratios of the transmission
once the lowest or the highest gear ratio of the transmission is known.
Kg= Eq.3.3.2
Nt
This procedure can be followed to obtain higher number of predefined ratios. As
shown in Eq. 3.3. 1, if the range created by the lower and upper engine speed is narrowed,
the speed factor decreases. This decrease in the speed factor allows for more ratios
between the lowest to the highest gear in the transmission. In addition, this transmission
allows the engine to operate in the optimal range.
The vehicle modeled in this work also comes with a manual transmission. The
gear ratios for this transmission are (Tortorici, 1989)
Table 3. Nissan^F^5W71QManualT^ransmisswrfsGear^Ratios_
1st 2nd 3rd 4th 5th
GearRatio 3.321 1.902 1.308 1.000 0.759
For this study, the above gear ratios are used for the modified CVT as a basis for
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comparison of the fuel economy with the results obtained from the EPA. The upshift
schedule ofNissan RE5R01A 5-speed automatic transmission is used to change the gear
from one to the next as shown in Figure 3.6. The downshift schedule is not available for
this transmission, therefore, the upshift schedule is used for shifting. Similar to the
previous automatic transmission model, the downshift schedule is not followed until
either the rate of change of throttle angle is very steep, throttle angle is in idling position,




Figure 3.6 Shift Schedules for RE5R01A Transmission






4.1 Urban Driving Results with the Automatic Transmission
The urban driving cycle provided by the EPA was used to calculate fuel
consumption of the vehicle in simulated city driving. Results obtained from the
simulations are then compared with the fuel economy data listed by the EPA for the test
vehicle.
There are two types of fuel economy data are provided by the EPA, adjusted and
unadjusted fuel economy. The unadjusted fuel economy value is based on the tested
vehicle with less than 6200 miles. In this thesis, the wear and tear of the vehicle under
normal driving conditions is not simulated. Therefore, the simulated results are only
compared with the unadjusted fuel economy data. However, the EPA's fuel economy
results are based on emissions. The simulated results are derived from the ratio of the
total distance traveled by the total fuel consumed as discussed in section 2.6. Therefore,
the EPA values are only used as a guide line.
The fuel economy for this vehicle under the urban cycle is 22 mpg (9.36 kmpl).
The simulated results for this cycle is 21.29 mpg (9.06 kmpl). The result for the urban
cycle is very close to the value provided by the EPA. Figure 4.1 shows the EPA's cycle
and the simulated vehicle speed.
As per the EPA's specifications, a vehicle speed should stay within
+/- 3.22 km/h
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(2 mph) while following the cycle. As can be seen in Figure 4.1, vehicle speed is
maintained within the limits provided. The obvious reason is related to the values chosen
for the throttle and brake pedal parameters. A novel trial and error approach was taken in
determining these values. The final values given in section 2.3 and in Appendix 2 were
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Figure 4.1 Urban Cycle Results with the Automatic Transmission
The throttle angle response and the transmission gear position are shown in Figure
4.2. In a typical automatic transmission, shifting from one gear to the next occurs in
about 0.5 seconds (Megli et al., 1999). As seen in this figure, the total time taken for
shifting gears is much
less than the overall urban cycle. The assumption made in Section
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2.4.5 that the shifting details are ignored in this work, seems to be valid. Figure 4.3 shows
the engine speed and the turbine speed. As observed in the figure, the engine speed, when
vehicle is at rest, is the idling speed of the engine in this vehicle (Tortorici, 1989). Even
though, during the engine idling the fuel consumption level is amongst the lowest, it





























Figure 4.3 Engine and Turbine RPM during the Urban Cycle, (AT)
4.2 Highway Driving Results with the Automatic Transmission
The unadjusted fuel economy for this vehicle under the highway cycle is 32 mpg
(13.62 kmpl). The simulated results for this cycle is mpg 32.17 (13.69 kmpl). The result
for the highway cycle is also very close to the value provided by the EPA. Figure 4.4
shows the highway cycle and the simulated results for this transmission.
The throttle angle response and the transmission gear position are shown in Figure
4.5. As can be observed from this figure, the throttle angle rarely reaches wide open
throttle position compared to the urban driving cycle. In addition, the idling time of the
engine is also minimum. These combined results prove the highway fuel economy is
much better than the urban. The engine and the turbine
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Figure 4.6 Engine and Turbine RPM during the Highway Cycle, (AT)
4.3 Urban Driving Results with theModified 5 Speed CVT
The unadjusted fuel economy for this vehicle equipped with the manual
transmission (Nissan FS5W71C) under the urban cycle is only 23 mpg (9.79 kmpl). Even
though, the manual transmission does not have the losses associated with the
automatic
transmission. As mentioned earlier, the EPA's values are based on the emissions,
therefore, any improvements in the
vehicle's fuel economy with the ratio limited CVT
has to based on other reasoning. The gain in the fuel economy can be justified since many
of the inherent losses associated with the automatic transmission are eliminated. As
reported by Kanada et al. (1999), the
power loss rate of the conventional AT is 28.3%. If
this loss is eliminated in the automatic transmission,
the vehicle's fuel economy under the
urban cycle would increase by this power loss rate. The optimal fuel economy of the
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vehicle would then be 28.23 mpg (12.01 kmpl). This fuel economy can now be used as a
basis for comparison between the fuel economy obtained in Section 4.1 and for the
vehicle driven with the ratio limited CVT.
The metal V-belt CVT has efficiency in the range of 90-97% (Kluger, 1997). If
the vehicle with the ratio limited CVT is simulated using this range of efficiency, then the
unaccounted losses could be justified. These unaccounted losses are introduced in the
model as the added load from the accessories which reduces the engine torque, as
discussed in Section 2.4.6. Table 4 below shows the simulated results of the fuel
economy using different level of efficiency.
Table 4. Fuel Economies of the Vehicle under Urban Cycle




The ratio limited CVT does not have the hydraulic oil pump and the electric motor
is only driven when the shifting occurs. In addition,
this modified CVT also has an extra
gear ratio that allows the transmission to stay more close to the optimal range of the
engine. Therefore, the urban fuel economy of the vehicle with the 5-speed CVT would be
between 26.93 and 28.25 mpg. Figure 4.7 below shows the urban cycle and the simulated
results for this transmission when 5% deficiency is used. Figures, when other values for
deficiency is used, are typically similar.
This is minor change in the throttle response
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Figure 4. 7 Urban Cycle Results with theModified 5 Speed CVT
This type of automated manual transmission, with retarding engine torque while
shifting, do not account for the drivers comfort. Rinderknecht, Ruhle, Seufert, and
Nageleisen (2002) modeled an automated manual transmission to verify the drivers
interaction for new generation of this type of transmission. There are also safety concerns,
in case ofmalfunctions or poor road conditions, which has to be implemented in the
transmission and the engine control unit as reported by Bansbach (1998).
The throttle angle response and the transmission gear position are shown
in Figure 4.8. The primary pulley speed
throughout the urban cycle is shown in Figure


















































Figure 4.9 Primary Pulley RPM during the Urban Cycle for theModified CVT
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4.4 Highway Driving Results with theModified 5 Speed CVT
The unadjusted fuel economy for this vehicle equipped with the manual
transmission (Nissan FS5W71C) under the highway cycle is again only 34 mpg (14.47
kmpl). Therefore, as discussed in Section 4.3, the optimal fuel economy of the vehicle is
used as the basis for comparison. The optimal fuel economy for the highway cycle would
be 41.06 mpg (17.47 kmpl). Table 5 shows the fuel economies of the vehicle using
various deficiencies for the ratio limited CVT.
Table 5. Fuel Economies of the Vehicle underHighway Cycle
Percent Efficiency, %
0





As seen in the table, the fuel economy of the vehicle is slightly higher than the
optimal economy when using 5% deficiency. The error is still within 10%. Figure 4.10
shows the highway cycle and the simulated results for the vehicle with this transmission
using 5% deficiency. As mentioned earlier, the plots for different values of deficiency are
typically the same except for minor changes in the throttle angle. The throttle angle
response and the transmission gear position are shown in Figure 4.11. Figure 4.12 below
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An automatic transmission of a vehicle was compared with a ratio limited
Continuously Variable Transmission (CVT) . A dynamic model of a passenger car was
simulated to compare the overall efficiency of the vehicle equipped with these different
types of transmissions. The overall efficiencies were calculated in terms of fuel
consumption of the vehicle during the EPA urban and highway driving cycles.
The modular approach taken to model an existing vehicle greatly reduced the time
and redundancies involved in the simulation procedures. The complete vehicle drivetrain
model was subdivided into an engine model, road load model, throttle and brake pedal
models, and a transmission model which seems to be the most efficient way ofmodeling
this complex system. With this modeling approach, the automatic transmission model
was easily replaced by a fixed ratio CVT model and simulated under similar conditions to
compare the overall gain in the fuel economy. MATLAB/Simulink proved useful for
modeling due to the extensive
list of available system blocks which are simple to
implement; no need of writing new codes.
The results for the fuel economy were compared with the data provided by the
Environmental Protection Agency's website. The fuel economy results for the simulated
automatic transmission matches well
with EPA data for both the urban and the highway
cycles. The fuel economy results for the ratio
limited CVT seems to be most efficient
when compared to the automatic
transmission without any losses. The comparison was
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only made to verify whether the results are within a reasonable range. The EPA results
are mainly obtained from dynamometer testing and exhaust emissions of a vehicle (EPA,
2002).
In spite of the improvements in fuel economy shown by the ratio limited CVT, it
may appear to be a step backward in terms of performance when compared with the
shiftless CVTs which are out in the market today. The improvements in fuel economy
were greatly influenced by the reduction in the number of parts and by the elimination of
the traditional hydraulic circuit. In addition, the deficiencies associated with the
traditional CVT were minimized in this work by making it a discrete ratio transmission
operated by an electric motor. Another advantage with this design is that a large number
of gear ratios can be used, which allows the engine to operate in the constant power
region. The simulated results indicated a gain of about 5 mpg in the urban driving and up
to 10 mpg in the highway driving. This has been found to be a significant improvement.
However, these results have to be verified with a physical model tested in a real
environment.
Simulations, in general, provide results which are valid for preliminary studies. In
many cases, a physical model
needs to be built and tested to understand its real outcome.
Measured and tested results can also be implemented in the models through the use of
empirical relations to study unknown effects.
The models presented here have many assumptions associated with them. The
variation in temperature, which is assumed to be constant, effects the characteristics of
the transmission fluid. The change in the fluid properties could change the output of
torque converters, oil pumps,
hydraulic valves and spools, drag torque ofmany
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components, among other things. A detail model of these effects on different
components
of the transmission needs to be studied in order to have generalized models for any
transmission in question. The variation in temperature also influences many components
in a vehicle which could alter the results of fuel economy. Engine power, aerodynamic
drag, rolling resistance and temperature dependent frictional losses are major source that
may produce a misleading results. In a future work, these effects could be
implemented to
obtain a more detailed model that would predict reliable results.
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Appendix 1
Road Loads on the Turbine
Loads acting on the vehicle is given by (Gillespie, 1992)





and the total torque on the tire is given by
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solving for Tdriveshaft in Eq A1.8 and substituting it and Eq A1.9 in Eq. A1.7, the final form
of total road loads acting on the turbine can be obtained.
T.^NdNt
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Eq.Al.10
multiplying both sides by the Rtire,






turbine I W turbine * turbine^"t

















Left hand side of the above equation represents the total inertia of the turbine. The
right hand side is the total torque acting on the turbine. This simplified model assumes
ideal conditions, such as bearing losses, torsional stiffness, damping of the various
components and mechanical tolerances are negligible. However, an efficiency factor
could be used to account for these losses. This equation is then solved for the 7,urWne and
substituted the result in Eq. 2.4.2 with proper sign convention.
























Most of the modern vehicle brakes utilize hydraulic pressure to apply force on the
axles through rotors. The applied pressure is a function of brake pedal travel. For the
modeling purposes, this force can simply be added along with the road loads acting on the
axles as mentioned in the previous section. Similar to the throttle model, a brake model is
developed that uses rate of change of torque instead of the pedal travel. A first order
linear differential equation can is used to describe this relationship.
Tbrake=-cTbmke+gAV Eq.A2.1
The above equation represents work done by the brake on to the system. The
parameter, c, is assumed to be constant for the rate of change of the brake pedal. The

















Figure A2.1 Simulink block of the Brake Torque
In above Figure A2.1, which is a representation of Eq. A2.1, integrates the error
value and adjusts the brake torque




Torque Converter Equations for Engine Braking
For engine braking, the turbine provides the motoring power for the torque
converter. Eq. A3. 1-4 represent the equation ofmotion for rotational speed of impeller





























where Vshi, Vsh, and VSh.s, are
same as those given in section 2.4.1. Most of the torque
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converter parameters are taken from this reference as listed in Table 3.
Table 7. Torque Converter Parameters
r









f, = ft = fst
CSh,i, Csh,t, and GSh.st
0.08
30.68 and 15.47, respectively
-60.45 and 20, respectively
64.96 and 33.60, respectively
0.44
0.02
0.32, 1.27, 0.92, respectively
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Appendix 4
A4.1 Speed Ratio Analysis for the RE4R01A Transmission
The relative speed ratio of the planetary gears can also be calculated by Tabular
method that requires the following three steps
1. Hold one member stationary while rotating one of the member
- 1 turn (First Member).
Register the relative speed of all the other rotating members respect to the First
Member.
2. Rotate the First Member +1 turn to bring it to its original location.
3. Add the above two rows to find the relative speed.
Example of the TabularMethod
Step ojpc tOr C0p tos
1 0 -1 Nr/NP (-Nr/NpX-Np/Ns)
1 1 1
3 1 0 1 Nr/ Np 1 + N/Ns = (Nr+Ns)/ N5
Where Nr, Np, Ns, are the number of teeth of Ring, Pinion, and Sun gear respectively.
The pitch diameter of a gear is defined as, p
= d/N = 2r/N, where d = pitch diameter of the
gear and N is the number of teeth. Since the pitch ofmating gears are same, radius could
be replaced by the number of teeth to calculate the
gear ratios.
This method is employed to calculate the speed ratio for each gear position in this
transmission. As seen in Figure 2.4, the rear planet carrier is rigidly connected to front
ring gear which are then
connected to the output shaft.
Table 8. Speed Ratio for the RE4R01A transmission,
J"
gear
Step t0rl/pc2 (Output) COpci
-1
03r2 OX (Ds: (input)
1 0





0 0 -Nr,/Nsl (Ns2+Nr2)/ Ns2
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The other speed ratios are easily obtained by subtracting the speed of the grounded
member from row 3 of the above table.
Table 9. SpeedRatio for the RE4R01A transmission, 2Pdjgear^
SteP (Dn/pcz OJpcl 0X2
0
00s, 0)s2 (input)









3 (Nsl+Nrl)/ Ns, Nrl/N (Ns2+Nr2)/ Ns2 + Nr,/ Nsl
^"normalized







gear is direct drive, all members of the planetary set rotate together, therefore
to =a>










Table 10. Speed Ratio for the RE4R01A transmission,
3rd
gear
Step C0rl/pc2 OJpcl (Or2 wsi
11 1 1 1





















The input from the turbine is connected to the PCI and S2, and the grounded
member is SI. The above table is modified to represent and
the procedure is presented in
the following table.
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for the output 1 (Nri+Nsl)
((Ns2Nsl+Nr2Ns,+
NrlNa2)/(Nr2(Nsi+Nr,))




Table 12. Number ofTeeth in the PL




gear, from Table 4. and using values form Table 8
N 42
to ,, ,




also the torque ratio is inverse of the speed ratio and is given by
1













































V ai/pc2 matches well with the ratios provided by (Tortorici, 1989).
A4.2 Torque Analysis for the RE4R01A Transmission
i
I) "C2J -J
Figure A4.1 Free Body Diagram of the Input Shaft (from Turbine)









Figure A4.2 Free Body Diagram of the Output Shaft
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Figure A4.3 Free Body Diagram of the Rear Ring Gear















Figure A4.4 Free Body Diagram of the Front Planetary Carrier













Figure A4.5 Free Body Diagram of the Third Clutch Pack
Summing the torques acting









Figure A4.6 Free Body Diagram of the Front Sun Gear




Clutch, Brake Band, and Vane Pump Parameters
Table 13. Multiple Wet Clutch Packs Parameters (Aceomatic Recon, 2002)
Outer Radius Inner Radius Number of Plates
1 0.15 0.13 2
2 0.13 0.11 5






rs (Aceomatic Recon, 2C
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Table 14. Brake Band Paramete














EPA Urban Driving Schedule
EPA Urban Dynamometer Driving Schedule
Length 1369 seconds - Distance = 7.45 miles - Average Speed = 19.59 mph
CM^vncoorN*incoorN^viicoor>i*Micooc>i
loomo'j) m sDtNr^fxr^(NOoroco(ocO'rj\







Figure A6.1 EPA Urban Driving Schedule (EPA, 2002)
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Appendix 7
EPA Highway Driving Schedule
EPA Highway Fuel Economy Test Driving Schedule






Figure A7.1 EPA Highway Driving Schedule (EPA, 2002)
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